Immature and nonnative proteins are retained in the endoplasmic reticulum (ER) by the quality control machinery. Folding-incompetent glycoproteins are eventually targeted for ER-associated protein degradation (ERAD). EDEM1 (ER degradation-enhancing ␣-mannosidaselike protein 1), a putative mannose-binding protein, targets misfolded glycoproteins for ERAD. We report that endogenous EDEM1 exists mainly as a soluble glycoprotein. By high-resolution immunolabeling and serial section analysis, we find that endogenous EDEM1 is sequestered in buds that form along cisternae of the rough ER at regions outside of the transitional ER. They give rise to Ϸ150-nm vesicles scattered throughout the cytoplasm that are lacking a recognizable COPII coat. About 87% of the immunogold labeling was over the vesicles and Ϸ11% over the ER lumen. Some of the EDEM1 vesicles also contain Derlin-2 and the misfolded Hong Kong variant of ␣-1-antitrypsin, a substrate for EDEM1 and ERAD. Our results demonstrate the existence of a vesicle budding transport pathway out of the rough ER that does not involve the canonical transitional ER exit sites and therefore represents a previously unrecognized passageway to remove potentially harmful misfolded luminal glycoproteins from the ER.
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electron microscopy ͉ protein misfolding ͉ protein quality control T he folding state of newly synthesized glycoproteins in the endoplasmic reticulum (ER) is monitored by a quality control machinery (1) . Increased formation of misfolded proteins disturbs ER homeostasis resulting in protein degradation, as well as cell damage and death. This is the cause of many human diseases including cystic fibrosis, ␣-1-antitrypsin deficiency, renal diabetes insipidus, and congenital goiter (2, 3) .
Orderly occurring processes can be distinguished during the life and death of a folding-incompetent glycoprotein. The first involves recognition by the quality control machinery (4) (5) (6) . The lectin chaperones calnexin/calreticulin retain nonnative conformers with monoglucosylated glycans (5, 7). Mannose-trimmed glycans generated by ER-mannosidases appear to represent a quality control tag for routing misfolded glycoproteins to the ER-associated degradation (ERAD) (8) (9) (10) (11) (12) . The current view is that misfolded, mannosetrimmed glycoproteins are then retrotranslocated to the cytoplasm, where they are ubiquitinated and deglycosylated before proteasomal degradation (13) .
EDEM1 (ER degradation-enhancing ␣-mannosidase-like protein 1) and its yeast ortholog Htm1p/Mnl1p are putative mannosebinding proteins (14) (15) (16) (17) (18) that are transcriptionally induced by ER stress (14, 17, 18) . They are believed to target misfolded glycoproteins for proteasomal degradation by removing them from the calnexin/calreticulin cycle (14) (15) (16) (17) . The overexpression of EDEM1 results in the accelerated proteasomal degradation of ERAD substrates such as the Hong Kong variant of ␣-1-antitrypsin (HK A1AT) and a luminal variant of beta-secretase, whereas the deletion or knockdown of EDEM1/Htm1p reduces the degradation rates of the ERAD substrates (14) (15) (16) (17) . The EDEM family also includes two soluble paralogues termed EDEM2 and EDEM3 (19, 20) . Both have been shown to assist in the degradation of HK A1AT.
In the present study, we aimed to obtain further insight into how EDEM1 assists in the degradation of misfolded glycoproteins by characterizing the cellular properties of EDEM1 and establishing its subcellular distribution.
Results
To detect EDEM1, an antibody against its C-terminal sequence, which is unique to EDEM1 and conserved in both mice and human (19) , was generated. Human EDEM1 was in vitro translated in the absence and presence of rough ER-derived canine microsomes to inspect the ability of the anti-peptide antibody to immunoprecipitate EDEM1. In the absence of microsomes, a single EDEM1 species was detected (Fig. 1A, EDEM1 UT ) , whereas the addition of microsomes produced an additional slower migrating protein doublet ( Fig. 1 A, EDEM1 ). All EDEM1 bands were immunoprecipitated with an affinity-purified anti-EDEM1 antibody but not its corresponding preimmune serum. The decrease in mobility of EDEM1 caused by ER translocation was due to the addition of four or five N-linked glycans (Fig. 1B) .
To characterize the topology of EDEM1, rough ER microsomes were alkaline-extracted and membrane integrated proteins were separated from soluble proteins. By immunoblotting, three EDEM1 species were observed with the slowest band localized to the membrane pellet, and the fastest band to the soluble fraction (Fig. 1C, lanes 1-3) . The middle band was also largely found in the soluble fraction. PNGase F digestion removed differences caused by glycosylation, to show that the soluble protein migrated faster than the membrane-associated protein, likely due to cleavage of its N-terminal signal sequence (21) . The effectiveness of the alkaline extraction was demonstrated by the separation of the soluble ER enzyme glucosidase II and the integral ER membrane protein calnexin (Fig. 1C, lanes 2 and 3) . Similar results were obtained with membranes from HepG2 cells (Fig. 1D ). All together, these results indicated that EDEM1 exists as both a soluble and membraneassociated glycoprotein.
Initially to determine the distribution of endogenous EDEM1, total nuclei-free homogenates from human hepatoma HepG2 cells were separated by centrifugation in Optiprep density gradients and fractions were immunoblotted for EDEM1, the ER proteins caln-exin and Sec61␤, the ERAD proteins Derlin-1 and Derlin-2 and the Golgi protein GM130. Interestingly, EDEM1 immunoreactivity was restricted to the densest membrane fractions along the gradient although calnexin, Sec61␤, Derlin-1 and Derlin-2 showed a broader distribution in the density profile [ Fig. 1E and supporting information (SI) Fig. 6 ]. No EDEM1-immunoreactivity was detected in the GM130-immunoreactive fractions. These results indicated a restricted distribution of endogenous EDEM1 in cellular membranes. Electron microscopic analysis of fraction 10 of the Optiprep gradient revealed cisternal profiles and vesicles as main components (Fig. 1F) . Some of the vesicles were positive for EDEM1 by immunoperoxidase labeling (Fig. 1G) .
To extend these findings to the in situ subcellular distribution of endogenous EDEM1, we applied immunocytochemistry to a variety of mammalian cell types (HepG2, HEK293, CHO, and clone9 cells as well as MRC5 fibroblasts) including rat hepatoma clone9 cells stably expressing a known ERAD substrate, HK A1AT (17) . When purified anti-EDEM1 antibodies were used for confocal immunofluorescence of endogenous EDEM1, an unusual pattern of well distributed punctate structures along with some localized finger-like structures was detected in HepG2 cells ( Fig. 2A) and the other studied cell types (Fig. 3E ). Under the various conditions of controls (see SI Text), immunolabeling for EDEM1 became undetectable. The labeling pattern for EDEM1 was not reminiscent of a typical ER pattern as it was observed for calnexin ( Fig. 2B) . Infrequently, overlap of immunofluorescence for EDEM1 and calnexin in punctate structures associated with the ER and regularly in EDEM1-reactive finger-like structures was noted (Fig. 2C) . Occasional codistribution was observed with Sec61␤, Derlin-2, and PDI (SI Figs. 7-9 ). Previous immunofluorescence investigations on EDEM1 have studied overexpressed tagged forms of the protein and found an ER pattern (11, 16, 17) , which is in contrast to our localization of endogenous EDEM1. To confirm our findings, we compared the distribution of endogenous EDEM1 and of overexpressed EDEM1-FLAG. On Optiprep gradients, EDEM1-FLAG exhibited a broad density equilibrium distribution as calnexin in stably overexpressing CHO cells or transiently overexpressing HepG2 cells (Fig. 3 A-C) . By confocal immunofluorescence, overexpressed EDEM1-FLAG in CHO cells showed a typical ER pattern (Fig. 3D) , in contrast to the punctate pattern of endogenous EDEM1 in CHO cells (Fig. 3E ). This finding must be considered in the interpretation of studies involving overexpressed EDEM1.
The subcellular localization of EDEM1 by immunoelectron microscopy was established. Immunogold labeling for EDEM1 in ultrathin frozen sections of CHO, clone 9, and HepG2 (arrowheads in Fig. 2 D and E) cells was sparse in the ER lumen. However, intense gold particle labeling was detected over smooth surfaced membranous elements often closely associated with ER cisternae (arrows in Fig. 2 D and E) that most likely corresponded to the punctate staining observed by confocal immunofluorescence. Vesicles exhibiting a clathrin coat were unlabeled (cv in Fig. 2D ). Quantitative evaluation of the gold particle labeling revealed that 10.3% (clone9 hepatocytes) and 10.6% (CHO cells) of the gold particles were over the ER and 87.6% (clone9 hepatocytes) and 87.3% (CHO cells) over vesicles. In addition, 0.5% of immunogold labeling was over the Golgi apparatus, 0.7% over mitochondria and 0.9% over nuclei in both cell types. No labeling was detected over coated vesicles and pre-Golgi intermediates. For a systematic serial section analysis, we used preembedding immunoelectron microscopy. To this end, cells were subjected to preembedding immunoperoxidase or silver-intensified nanogold labeling for EDEM1, embedded in situ in resin, and series of consecutive ultrathin sections were cut in the plane of the cell layer. We observed sparse ER luminal labeling (arrowhead in Fig. 2F ) and intensely EDEM1-immunoreactive membrane buds along rough ER cisternae (Fig. 2 G and H) that gave rise to Ϸ150-nm diameter smooth vesicles (arrowheads in Fig. 2 H and I) . By tilting the sections, membrane continuities of the buds with the ER membrane were obvious. By serial section analysis, the vesicular nature of the EDEM1-positive structures was confirmed because they could be detected only in two consecutive Ϸ80-nm thin sections (SI Fig. 10 ). Neither EDEM1-reactive buds nor the vesicles had a recognizable coat. This was not due to any inherent difficulty in preserving or visualizing coats, because plasma membrane clathrin-coated pits and clathrin-coated vesicles ( Fig. 2D and K 1 and 2) as well as COPII-coated buds at transitional ER (Fig. 4D 2 and 3 and SI Figs. 11 and 12) were preserved in the same cells. Serial section analysis also revealed the nature of the finger-like EDEM1-reactive structures observed by confocal immunofluorescence. They corresponded to a few rough ER cisternae in a given cell with limited regions showing labeling (Fig. 2K) . The EDEM1-immunolabeling in the ER appeared to be mainly luminal, which is in agreement with our biochemical data (Fig. 1) . Together, these findings suggest that EDEM1 is sequestered into ER-budded vesicles of Ϸ150 nm in diameter lacking a recognizable coat.
To evaluate a possible spatial relation of the EDEM1-containing buds and vesicles to transitional ER and ER-to-Golgi cargo vesicular carriers, double confocal immunofluorescence was performed for the COPII component Sec23p (22) and ERGIC-53 for preGolgi intermediates (23) . Neither Sec23p (Fig. 4 A-C) nor ER-GIC-53 (SI Fig. 9 ) exhibited colocalization with EDEM1. These findings were confirmed and extended by electron microscopy. Fig.  4D shows four consecutive serial sections (see also SI Fig. 11 ) with a transitional ER element exhibiting typical (COPII) coated buds and an associated vesiculotubular cluster (24, 25) . Although EDEM1 labeling was present in parts of the lumen of the ER cisterna, the coated buds (arrowheads in Fig. 4D 2 and 3 ) and the vesiculotubular cluster (VTC in Fig. 4D 3 and 4) of the transitional ER domain exhibited no labeling for EDEM1 (see also SI Fig. 11 ). The same results were obtained when Golgi-associated ER exit sites were analyzed (SI Fig. 12 ). These results indicate an ER-budding pathway different from the COPII pathway used by cargo proteins destined for transport to the Golgi apparatus.
We next studied the subcellular distribution of an EDEM1-accelerated ERAD substrate, the misfolded HK A1AT (26) , in relation to EDEM1. By confocal immunofluorescence, evidence for codistribution of EDEM1 and HK A1AT in punctate structures (arrows in Fig. 5 A and B) and in finger-like profiles was obtained. As expected, HK A1AT was also detectable throughout the ER (Fig. 5 A and B) . By immunoelectron microscopy, labeling for HK A1AT was detected throughout the rough ER, in ER buds and vesicles with the latter showing a more intense immunostaining reaction than the ER cisternae (Fig. 5 D and E) .
Discussion
We report high-resolution data on the subcellular distribution of endogenous EDEM1. Our results suggest the existence of an ER vesicle budding pathway through which the putative glycoprotein quality receptor EDEM1 and the ERAD substrate HK A1AT become sequestered from the early secretory pathway. This finding is indicative of a role of vesicular trafficking in the clearance of misfolded luminal proteins from the ER.
Previous studies have analyzed the subcellular site(s) of accumulation of misfolded proteins and shown that they may be stored throughout the ER (27) and may cause local dilatation or proliferation of the ER or induce proliferation of pre-Golgi intermediates (28) (29) (30) (31) (32) (33) . However, the possible involvement of these induced structures in retrotranslocation of misfolded proteins remains enigmatic. Lederkremer and coworkers (34) identified a quality control compartment unrelated to the bulk of the ER and ERGIC-53 positive pre-Golgi intermediates that contains the ER chaperones calnexin and calreticulin but not BiP, PDI, or the glucosyltransferase. It was suggested to be a microtubule-dependent and brefeldin A-insensitive subcompartment of the ER and proposed to be the site for concentration and retrotranslocation of ERAD substrates. This ER quality control compartment differs from the EDEM1-containing vesicles identified in this study because of its juxtanuclear location adjacent to the centrosome, Golgi apparatus and pre-Golgi intermediates.
The ⌬F508 variant of the cystic fibrosis transmembrane conductance regulator (CFTR), which is an ERAD substrate, does not appear to require COPII transport for its degradation in mammalian systems (35) . However, when expressed in yeast, the role of COPII in ⌬F508 degradation is controversial. Fu and Sztul (36) have found that CFTR degradation requires COPII transport and the segregation of CFTR to an ER subdomain containing the ER hsp70 family member Kar2p/BiP. In sharp contrast, others have found that CFTR degradation in yeast does not require COPII but does require Htmlp/EDEM1 (37, 38) . Multiple sequentially acting quality control checkpoints appear to be in place in yeast that operate to sort misfolded proteins with damaged cytosolic domains for retention in the ER or proteins with damage in the luminal domain for COPII-mediated transport to the Golgi apparatus and subsequent retrieval via retrograde transport (39) (40) (41) . In the end, both pathways meet in the ER where ERAD takes place (40, 41) . In mammalian cells, the quality control machinery proteins glucosidase II, glucosyltransferase and calreticulin have been shown to be present beyond the ER in pre-Golgi intermediates (42) (43) (44) , indicating their function as post-ER quality control checkpoints.
Our results suggest the existence of an ER vesicle budding pathway for aberrant luminal glycoproteins. Constitutive cargo transport from the ER to the Golgi apparatus is mediated by 60-to 70-nm vesicles with an easily discernible COPII coat (45) . The exit of COPII vesicles occurs at specialized sites in the ER, termed the transitional ER (24, 25, 46) . We observe that EDEM1 vesicles, some of which contain Derlin-2 and misfolded HK A1AT, are of Ϸ150 nm and lack a recognizable cytosolic coat. Single EDEM1-containing vesicles are formed at multiple sites that are independent of the canonical transitional ER. COPII-coated vesicles are engaged in ER-to-Golgi cargo transport, whereas the EDEM1-containing vesicles provide a path for the removal of potentially harmful misfolded luminal glycoproteins from the ER. Further studies are warranted to investigate how this pathway links up with the cellular degradation machinery.
Materials and Methods
See SI Text for details of EDEM1 antibody generation and affinitypurification, reagents, details of procedures, and SI Figs. 6-12.
Antibody Preparation and Affinity Purification. A rabbit polyclonal anti-peptide antibody against the C-terminal 15 aa (N-KSIYMR-QIDQMVGLI-C) of human EDEM1 protein that is conserved in mouse was generated and affinity-purified by using a soluble EDEM1 lacking its N-terminal hydrophobic domain, which was produced in Escherichia coli.
Cell Culture and Transfection. Human HepG2, HEK293, and MRC5 fibroblasts, rat clone9 hepatoma cells, and CHO cells were obtained from American Type Culture Collection (Manassas, VA), and culture media were used according to the recommendations of the supplier. Full-length EDEM1 cDNA was subcloned into the p3xFLAG-CMV-14 vector and used for transfection of CHO and HepG2 cells.
Transcription, Translation, and Translocation. Messenger RNA for EDEM1 was prepared by in vitro transcribing NheI linearized EDEM1-containing plasmid using T7 RNA polymerase. 35 Slabeled EDEM1 was translated for 1 h at 27°C in the absence or presence of canine rough ER-derived microsomes.
Immunoprecipitation. 35 S-labeled EDEM1 was resuspended in MNT lysis buffer (20 mM 2-morpholinoethanesulfonic acid/100 mM NaCl/30 mM Tris, pH 7.5/0.5% Triton X-100). Samples were precleared with Protein A-Sepharose for 1 h at 4°C, lysates were centrifuged, and supernatants were incubated with anti-EDEM1 or preimmune serum and 1% Protein-A Sepharose. The isolated immune complexes were resuspended in reducing sample buffer.
Alkaline Extraction and Deglycosylation. RER microsomes were alkaline extracted, and membrane-bound and soluble fractions were separated by ultracentrifugation. Soluble proteins of the supernatant were concentrated by trichloroacetic acid precipitation. Both the concentrated soluble fraction and the membrane-bound pelleted fraction were dissolved in denaturing buffer (0.5% SDS/1% BME, sodium phosphate buffer, pH 7.5). Samples were then denatured, adjusted to 1% Nonidet P-40 and deglycosylated with 10 units/l PNGase F or Endo H overnight at 37°C. For limited PNGase F digestion of in vitro translated EDEM1, the denaturing buffer was added directly to the lysates and treated with the PNGase F.
Preparation of Cellular Membranes, Optiprep Density Sedimentation, and Immunoblotting. Cellular membranes from human HepG2 hepatoma cells and HepG2 cells transiently overexpressing EDEM1-FLAG or CHO cells stably overexpressing EDEM1-FLAG as well as the Optiprep gradients were prepared according to the manufacturer's instruction. Concentrated fractions were dissolved in reducing sample buffer, resolved on 7.5% SDS/PAGE, transferred to PVDF, and immunoblotted.
Confocal Immunofluorescence and Immunoelectron Microscopy. Cells were grown on glass coverslips or in Petri dishes and fed with fresh medium 16 h before fixation. Details of fixation and immunolabeling conditions including specificity controls and quantification of immunogold labeling are given in SI Text.
